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Influence of strain on microwave dielectric properties
of „Ba,Sr …TiO3 thin films

Wontae Changa) and Charles M. Gilmore
Institute for Material Science, School of Engineering Applied Science, George Washington University,
Washington, DC 20052

Won-Jeong Kim
SFA Inc., 1401 McCormick Drive, Largo MD 20744

Jeffrey M. Pond, Steven W. Kirchoefer, Syed B. Qadri, Douglas B. Chirsey
and James S. Horwitzb)

Naval Research Laboratory, 4555 Overlook Avenue SW, Washington, DC 20375

~Received 30 September 1999; accepted for publication 15 December 1999!

Epitaxial Ba12xSrxTiO3 ~BST! thin films have been deposited onto~100!MgO and LaAlO3

substrates using pulsed-laser deposition. Thick~.1 mm! Ag interdigitated capacitors capped with a
thin protective layer of Au have been deposited on top of the BST films using electron-beam
deposition. The capacitance~C! and dielectric quality factor (Q51/tand) of the structure has been
measured at microwave frequencies~1–20 GHz! as a function of electric field (E<67 kV/cm) at
room temperature. In epitaxial BST films, either high dielectric tuning~4:1!, which is defined as
$@C(0)2C(E)#/C(0)%3100, or high dielectricQ ~;100–250! was observed but not both at the
same time. Film strain was observed by x-ray diffraction and is closely related to the dielectric
properties as limiting the ability to obtain both high tuning and high dielectricQ in epitaxial BST
thin films. A thin BST buffer layer was used to relieve the strain in the films. In strain-relieved films,
both dielectric tuning and dielectricQ were increased after annealing. A theoretical analysis of the
strain effect of the films is presented based on Devonshire thermodynamic theory. ©2000
American Institute of Physics.@S0021-8979~00!08206-2#
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I. INTRODUCTION

Ba12xSrxTiO3 ~BST! is a solid-solution ferroelectric ma
terial that exhibits an electric-field-dependent dielectric c
stant and~Ba,Sr! composition-dependent Curie temperatur1

These properties are currently being used to develop h
frequency~1–20 GHz! tunable microwave devices for room
temperature application. One of the most critical proper
that needs to be maximized for this application is the diel
tric Q of ferroelectric materials at high frequencie
~.2 GHz!.

Stress is a very significant factor affecting the dielect
properties. It has been reported that hydrostatic compres
or two-dimensional compression parallel to the electrode
parallel capacitor filled in a bulk ferroelectric leads to a d
crease in the dielectric constant and the Curie tempera
(TC).2–4 The application of two-dimensional compressi
normal to the electrode was also reported to induce an
crease in the dielectric constant andTC .5,6 The effects of the
stress on the dielectric constant and theTC are due to the fac
that ionic positions and vibrations in a ferroelectric are mo
fied by the stress, and these changes are coupled to th
larization mechanism in the ferroelectric.

In this article, we report an investigation of the effects
film strain on the dielectric properties~1–20 GHz! of epitax-
ial BST (x50.5) films deposited by pulsed-laser depositi

a!Electronic mail: chang@ccf.nrl.navy.mil
b!Electronic mail: horwitz@ccsalpha3.nrl.navy.mil
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~PLD!. Film stress in heteroepitaxial films can be caused
the mismatch between the lattice parameters and therma
pansion coefficients of the film and substrate. A system
survey of the dielectric properties of the PLD-grown film a
a theoretical analysis of the observed data are presented

II. EXPERIMENT

BST (x50.5) thin films~;0.5mm thick! were grown on
~100!MgO and LaAlO3 ~LAO! single-crystal substrates a
750 °C in an oxygen ambient pressure of 350 mTorr
pulsed-laser deposition. The PLD system used to grow
BST films has been described previously.7 The output of a
short-pulsed~30 ns full width at half maximum! excimer
laser operating with KrF~l5248 nm! at 5 Hz was focused to
a spot size of;0.1 cm2 and an energy density of;1.9 J/cm2

onto a single-phase BST (x50.5) target. The vaporized ma
terial was deposited onto a heated substrate approximate
cm away from the target. The target was a 2 in. diam by
0.125 in. thick sintered disk~Ba0.5Sr0.5TiO3 , Target Materi-
als Inc.!. BST films were also deposited using a two-st
procedure. First, a thin~;50 Å! amorphous BST buffer laye
was deposited at room temperature. The substrate temp
ture was then increased to 750 °C and a second BST
~;0.5 mm thick! was deposited. Films deposited by bo
procedures were characterized for structure and morpho
using x-ray diffraction~XRD! and scanning electron micros
copy ~SEM!. Films were annealed in flowing O2 at 900–
1250 °C for 6–24 h. In-plane and normal lattice paramet
4 © 2000 American Institute of Physics
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of the films were measured using XRD as a function of s
strate type and annealing temperature. Interdigitated cap
tors with gaps from 5 to 12mm were deposited on top of th
BST films through a polymethylmetha-acrylate~PMMA!
lift-off mask by e-beam evaporation of 1–2-mm-thick Ag
and a protective thin layer of Au.8

Microwave input reflection coefficientS11 measurements
were made on an HP 8510C network analyzer at room t
perature. The data are fitted to a parallel resistor–capa
model to determine capacitance and dielectricQ.8 Dielectric
constants were calculated from the device dimensions.

III. RESULTS AND DISCUSSION

A. Film strain and microwave dielectric properties

Previously, we reported on the annealing effect on
microwave ~1–20 GHz! dielectric properties of epitaxia
BST films deposited on MgO and LAO substrates.9 It was
observed that for the films deposited onto MgO, the diel
tric constant decreased and dielectricQ increased after a
postdeposition anneal~<1000 °C!.9 However, for films de-
posited onto LAO, the postdeposition anneal resulted i
significant increase in the dielectric constant and a decre
in Q.9 Table I shows the general trends and maximum dat
dielectric properties for the BST (x50.5) films at 1–20 GHz
as a function of substrate type. In epitaxial BST films,
typically observed either a large dielectric tuning~75%! or a
high dielectricQ ~100–250! but not both at the same time.
was suggested that the differences in the dielectric prope
of epitaxial BST films on MgO and LAO are due to diffe
ences in film strain.9

To determine the film strain, we measured the latt
parameters of epitaxial BST (x50.5) films deposited at a
substrate temperature of 750 °C and O2 pressure of 350
mTorr. The lattice parameters along the surface normal (a')
and in the plane of the films (ai) were determined from
XRD patterns of ~004! and ~024! reflections for ~001!-
oriented BST films.10,11 The structure of the thin film was
measured as a function of substrate type~MgO and LAO!,
the temperature of a postdeposition anneal~900–1250 °C for
6 h!, and film thickness~;500–2000 Å!.10,11 In these stud-
ies, four important observations were made. First, both n
mal and in-plane lattice parameters of the films were 0.1
0.3% and 0.2%–0.8% greater than the lattice parametea
53.947 Å) of the corresponding bulk BST (x50.5) mate-
rial, respectively. Second, the in-plane lattice paramete
the films was 0.1%–0.7% larger than the normal lattice

TABLE I. Average and maximum values of the dielectric constant a
dielectricQ for annealed BST films~1–20 GHz! as a function of substrate
type ~e5film dielectric constant, % dielectric tuning atE567 kV/cm, and
dielectricQ!.

Average Maximum data

Substrate MgO LAO MgO LAO

e 1000 1500 2973 763 3328 1003
% tuning 30 50 62 22 75 9
Q 45 25 5–20 100–250 4–44 50–70
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rameter, resulting in an in-plane tetragonal lattice distort
(ai.a'), although the structure for the corresponding bu
is a cubic. Third, after annealing~<1000 °C!, the in-plane
lattice parameter decreased for films deposited onto M
and the opposite effect was observed for films deposited o
LAO. Fourth, the measured in-plane lattice parameters w
closely correlated with the observed dielectric constant,
shown in Fig. 1. These observations are very importan
our understanding of how to control the dielectric propert
of the film. The observations of the lattice distortion a
lattice expansion are due to lattice mismatch and ther
coefficient mismatch between film and substrate and oxy
vacancies in the film.

To calculate the film strain, we have to know the eq
librium lattice parametera0 of the film, which is different
from the corresponding bulk lattice parameter for seve
reasons, such as oxygen vacancies in the film and inte
tions between the film and substrate. Therefore, the equ
rium lattice parameter~3.947 Å! of bulk BST (x50.5) can-
not be used for strain calculations of the film. Generally, it
difficult to know the equilibrium lattice parameter of the film
without detailed information of the oxygen vacancies in t
film. Alternatively, the equilibrium lattice parameter of PL
BST (x50.5) film deposited at O2 pressure of 350 mTorr
was estimated from XRD measurement for the BSTx
50.5) film deposited with a thin amorphous BST buff
layer. The amorphous BST buffer layer was used to rem
the strain in the subsequently deposited crystalline BST fi
caused by the mismatch between the lattice constants
thermal expansion coefficients of the epitaxial film and t
substrate. BST films deposited with the BST buffer layer
single phase but not a single-crystallographic orientation
determined by XRD. The intensities of the XRD peaks a
similar to the corresponding powder diffraction pattern. T
estimated equilibrium lattice parameter for a BST (x50.5)
film was 3.961 Å, which was very close to the lattice para

FIG. 1. Lattice parameter and dielectric constant changes with annea
temperature for BST (x50.5) films deposited onto~a! MgO and~b! LaAlO3

~15normal lattice parameter,j5in-plane lattice parameter, an
h5dielectric constant!.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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eters estimated from the normal lattice parametera' and the
in-plane lattice parameterai measured by XRD using th
following equation as presented in Table II:12,13

a05$a'2~x3 /x1!ai%/$12~x3 /x1!%, ~1!

wherex3 andx1 are the strain along the surface normal a
in the plane of the films andx3 /x1 can be related through th
elastic constantsci j of the film; x3 /x1522(c12/c11) for
equiaxial strain from the substrate (x15x2). With the esti-
mated equilibrium lattice parameter for the thin film~3.961
Å!, we can show that the as-deposited films on MgO s
strates are in tension parallel to the film surface and the
nealed~<1000 °C! films are in compression, and the opp
site effect for films deposited onto LAO. The strain in th
in-plane film is closely related to the change of the dielec
constants for our experimental configuration, as shown
Table III. The experimentally observed relationship betwe
the film strain and the dielectric constant can be interpre
using Devonshire’s thermodynamic theory.

B. Theoretical analysis of the dielectric properties of
epitaxial BST films

Devonshire developed a phenomenological theory to
plain the ferroelectric behavior of bulk BaTiO3 .14–16 Ac-
cording to the theory, the Gibbs free energy~G! of a stress-
free ferroelectric subject to external electric fields~E! can be
expressed as

G~T,Pi !5F~T,Pi !2Ei Pi , ~2!

where F and Pi , are the Helmholtz free energy~F! of a
strain-free ferroelectric and polarization, respectively. Wh
the ferroelectric is subjected to stresses~X!, the Helmholtz
free energy should also expanded with strains~x! as follows:

F~T,Pi ,xj !

5F011/2a~P1
21P2

21P3
2!11/4b~P1

41P2
41P3

4!

11/6g~P1
61P2

61P3
6!

11/2d~P2
2P3

21P3
2P1

21P1
2P2

2!

11/2c11~x1
21x2

21x3
2!1c12~x2x31x3x11x1x2!

TABLE II. Film strain and dielectric constant of epitaxial BST (x50.5)
films deposited onto~100!MgO and~100!LAO at a substrate temperature o
750 °C and O2 pressure of 350 mTorr.

BST onto~100!MgO BST onto~100!LAO

As-
deposited

Annealed
<1000 °C

As-
deposited

Annealed
<1000 °C

ai @Å# 3.970 3.959 3.953 3.978
a' @Å# 3.955 3.954 3.951 3.950
a0 (Å) using a buffer layer 3.961
a0 (Å) using Eq.~1!a 3.959 3.958
Estimated in-plane strain~%! 0.23 20.05 20.20 0.42
Based XRD measurement
Measured dielectric constant 1540 770 875 2500
Estimated in-plane strain~%! 0.033 20.031 20.023 0.064
Based on theory

aReferences 12 and 13.
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11/2c44~x1
21x2

21x3
2!

1G11~x1P1
21x2P2

21x3P3
2!1G12$x1~P2

21P3
2!

1x2~P3
21P1

2!

1x3~P1
21P2

2!%1G44~x4P2P31x3P3P11x6P1P2!

1¯ , ~3!

whereF0 is a function of temperature alone,F05(T,0,0), a,
b, g, andd are the free-energy expansion coefficients, andci j

andGi j are the elastic constants and the stress-polarizat
related electrostrictive coefficients, respectively. Assum
that for epitaxial films~1! the equibiaxial in-plane strainsx1

andx2 are controlled by the substrate,~2! X3 is zero on the
free surface of the film,~3! in-plane polarization occurs only
in one direction for the interdigitated capacitor as the si
plest case, and~4! the electric fields are parallel to the pola
ization, the Gibbs free energy becomes

G~T,P,Xj !5F~T,P,xj !2EP

5F011/2aP211/4bP411/6gP6

11/2c11~x1
21x2

21x3
2!1c12~x2x31x3x1

1x1x2!11/2c44~x1
21x2

21x3
2!1G11x1P2

1G12~x21x3!P22EP. ~4!

Since the Gibbs free energyG must be a minimum for a
stable state of the ferroelectric at a constant tempera
(]G/]P50), we have the following relationship:

]F/]P2E5aP1bP31gP5

12G11x1P12G12~x21x3!P2E50. ~5!

We can neglect the contribution from the fifth-order
greater terms inP.17 Also, we can assumeP5eE in the case
of small electric fieldsE or in the case of relatively large
electric fields for a paraelectric state of a ferroelectric. Th
we have the following relationship between the dielect
constant and the applied electric field by differentiating E
~5! with respect toP:

]E/]P5a13b~eE!212G11x112G12~x21x3!51/e.
~6!

The first-order coefficienta of the expansion of the applie
electric fieldE with polarizationP should be 1/e for strain-
free materials. The coefficienta for BST (x50.5) can be
estimated from the Curie constants of bulk STO and B
ferroelectrics. The stress–polarization-related electrostric
coefficientsG11 andG12 can be obtained from the following
equation:18

Gi j 5cikQk j ~ i , j ,k51,...,6!, ~7!

whereQk j are the strain–polarization-related electrostricti
coefficients andcik and Qk j can be obtained from the
literature.19–23 The expressions are written in a single-ind
matrix notation. For example, 1511, 2522, 3533, 4523,
5531, and 6512 where 1, 2, and 3 in the double-index n
tation can bex, y, andz in the rectangular coordinate system
The relevant coefficients used in the theoretical calculati
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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of the dielectric properties of BST (x50.5) films are pre-
sented in Table III. The theoretical dielectric constant at z
field of both strain-free and strained bulk BST (x50.5) can
be calculated from Eq.~6!. In Eq. ~6!, a change in the strain
terms leads to a shift ofTC to lower temperatures or highe
temperatures for compressive or tensile strain, respectiv
However, in the case of tensile strain which causes a shi
TC to higher temperatures so that the film is in a ferroelec
phase atT, Eq. ~6! cannot be used. Instead, a relationsh
between film strain and dielectric constant in a ferroelec
phase can be obtained from Eq.~5!. In a ferroelectric phase
the film must have only spontaneous polarization (PS) with a
zero field (E50):

E5aPS1bPS
31gPS

512G11x1PS12G12~x21x3!PS

50. ~8!

By differentiating Eq.~5! with respect toP and then substi-
tuting the spontaneous polarization (PS) from Eq. ~8!, we
obtain a relationship between the film strain and dielec
constant for a ferroelectric phase:

~]E/]P!PS
522a24G11x124G12$122~c12/c11!%x1

51/e. ~9!

Figure 2 shows theoretical variations of the dielectric co
stant with strain for BST (x50.5) at room temperature. Th
dielectric constant increases rapidly with tension and
creases gradually with compression in a paraelectric ph
Assuming that the change in the dielectric constant w
strain for both bulk and BST films shows a similar tre
according to the literature reports on the strain effect on
dielectric constant,24,25 the strain-dielectric constant depe
dence of the BST (x50.5) film was reproduced from that o
bulk BST (x50.5) by setting the strain-free dielectric co
stant from 2300 for the bulk BST (x50.5) to 1020 for BST
(x50.5) film. The strain-free dielectric constant for the BS
(x50.5) film was obtained from the measurements w
three BST films which were deposited with an amorpho
BST buffer layer~e51020630!. Table III shows both ex-
perimentally estimated in-plane strain and theoretically e
mated in-plane strain of epitaxial BST (x50.5) films depos-
ited onto ~100!MgO and ~100!LAO at a substrate
temperature of 750 °C and O2 pressure of 350 mTorr. The
latter was calculated using the measured dielectric const

TABLE III. Relevant coefficients used in the theoretical calculations of
dielectric properties of BST (x50.5) films deposited at a substrate tempe
ture of 750 °C and O2 pressure of 350 mTorr.

Description Ref.

TC (K) Curie temp. for bulk BST (x50.5) 250 19
CSTO ~105 K) Curie constant for bulk STO 0.8 20
CBTO ~105 K) Curie constant for bulk BTO 1.5 21
Q11 (m4/C2) Electrostriction coefficient 20.10 22
Q12 (m4/C2) Electrostriction coefficient 0.034 22
c11 (1011 N/m2) Elastic constant for bulk STO 3.4817 23
c11 (1011 N/m2) Elastic constant for bulk BTO 2.7512 23
c12 (1011 N/m2) Elastic constant for bulk STO 1.0064 23
c12 (1011 N/m2) Elastic constant for bulk BTO 1.7897 23
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of as-deposited and annealed~<1000 °C! BST (x50.5)
films presented in Table II. Even though both estimatio
agree qualitatively in terms of the type of strain, i.e., co
pressive or tensile, they show one order of magnitude dif
ence.

Strain in an epitaxial ferroelectric thin film can b
caused by lattice parameter and thermal expansion mism
between film and substrate, the volume changes assoc
with the ferroelectric phase transition, and compositional
ficiencies such as Ba, Sr, and O vacancies. Among th
strain-causing factors, the strain due to the phase transfo
tion for BST (x50.5) may not be applicable in a room
temperature application because BST (x50.5) has no phase
transition between the film processing temperatures
room temperature. Therefore, only strain due to the lat
mismatchxl5(as2af)/af and thermal expansion mismatc
xt5(as2a f)DT are considered in how the strain is forme
for as-deposited and annealed BST (x50.5) films. In the
strain expressions ofxl andxt , as andaf are the equilibrium
lattice parameters, andas anda f the thermal expansion co
efficients of the substrate and film. Relevant coefficie
were reported previously.9 Both the estimated strain for as
deposited and annealed BST (x50.5) film, based on XRD
measurements and theory, shown in Table III, are not c
sistent with the strain calculated directly from the lattice m
match and thermal expansion mismatch. This difference m
be due to oxygen vacancies and film relaxation effects s
as the formation of misfit dislocations.26,27 If we include the
film relaxation into the strain term caused by the lattice m
match, we can estimate the strain relief due to film rela
ation. For example, by comparing the theoretically estima
strain~0.00033 and20.00031 in Table III! to the calculated
strain due to the lattice mismatch and thermal expansion m
match (xl1xt), the relieved strain is estimated as20.059
and20.062 for the as-deposited BST (x50.5) film and for
annealed~<1000 °C! film onto ~100!MgO, respectively. This
estimation indicates that most~94%! of the strain due to
lattice mismatch~10.063! for the as-deposited film and 98%

FIG. 2. Theoretical analysis of the strain-dielectric constant dependenc
BST (x50.5) at room temperature.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 3. Theoretical analysis of electric-field and strain dependencies o
dielectric constant.
le
-

an
h
lm

c-

-

of the strain due to the lattice mismatch for the annea
~<1000 °C! film are relieved by the film relaxation mecha
nism.

It is also important to understand the dielectric const
as a function of applied field in a strained ferroelectric. T
electric-field dependence of the dielectric constant of the fi
can be analyzed theoretically from Eq.~6!. When the electric
field E is applied, the total strain can be expressed as

xi5xel1xp1xes5si j Xj1dkiEk1RiklEkEt
Downloaded 10 Jul 2001 to 132.250.135.110. Redistribution subject to A
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~ i , j 51,...,6; k,l 51,2,3!, ~10!

wherexel , xp , andxesare strains due to elasticity, piezoele
tricity, and electrostriction, respectively,d is the piezoelec-
tric coefficient, andR is the strain–electric-field-related elec
trostriction coefficients. Then, Eq.~6! becomes, without the
piezoelectric effect for BST (x50.5) at room temperature,

]E/]P51/e5a13bE2e21b1~xel!1b2~E!, ~11!
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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where b1(xel) is 2G11xel12G12$122(c12/c11)%xel and
b2(E) is 2G11R11E

212G12$122(c12/c11)%R11E
2. Then,

we can plot the left side of Eq.~11!, y51/e, and the right
side, y5a13bE2e21b1(xel)1b2(E), to have a dielectric
constante(E,x) satisfied by both equations as a function
electric field and strain. To visualize the effect of strain a
dc electric field on the dielectric constant, providing insig
into how the dielectric tuning is performed depending on
strain, Eq.~11! is plotted in Fig. 3. The strain-free and ze
electric-field dielectric constante~0,0! is presented in Fig.
3~a!. When we apply dc electric fieldsE1 andE2(E2.E1),
the strain-free and nonzero electric-field dielectric const
e(E,0) can be seen in Fig. 3~b!, where the expansion coe
ficient b was observed to be a positive number for our B
films experimentally. We can see an important characteri
property of the dielectric constant on the application of
electric fields in Fig. 3~b!; the strain-free dielectric constan
decreases with increasing electric field. Now, we can
how the dielectric constant and its tuning change with str
in Figs. 3~c! and 3~d! by comparing with Fig. 3~b!, which is
for a strain-free case. For compressive strains, we hav
positiveb1(x) in Eq. ~11! causing the dielectric constant an
its tuning to be decreased@Fig. 3~c!# and for tensional strain
we have a negativeb1(x) in Eq. ~11! causing the dielectric
constant and its tuning to be increased@Fig. 3~d!#. This the-
oretical analysis agrees well with our experimental resul9

As-deposited BST films on MgO and annealed~<1000 °C!
BST films onto LAO were extended in the in-plane para
eters resulting in a high dielectric constant and tuning, wh
annealed BST films onto MgO and as-deposited BST fi
onto LAO were compressed in the in-plane parameters c
ing a low dielectric constant and tuning. Figures 3~b!, 3~c!,
and 3~d! do not include the electrostriction effect eve
though the electric fields are applied for simplicity. How
ever, the electrostriction effect should be included whene
the field is applied. Figures 3~e! and 3~f! show how the elec-
trostriction effect reduces the dielectric constant. The low
ing dielectric constant by the electrostriction effect is b
causeb2(E) is always positive in Eq.~11!.

From this experimental and theoretical analysis, we c
clude that the strain in the epitaxial films limits the ability
get both high tuning and high dielectricQ at the same time
A thin amorphous BST buffer layer was used to remove
strain in the films, improving the dielectric properties f
tunable microwave applications. After annealing BST film
with the buffer layer, we observed a very large grain s
(d;5000 Å) for the films compared to other annealed film
deposited at 750 °C without the BST buffer layerd
;1000– 3000 Å). In strain-relieved BST films, we observ
that both dielectric tuning and dielectricQ were increased
after annealing.
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IV. SUMMARY

The dielectric properties of pulsed-laser deposi
Ba12xSrxTiO3 (x50.5) ferroelectric films were measured
microwave frequencies~1–20 GHz! and analyzed theoreti
cally as a function of electric field and strain based on D
vonshire’s thermodynamic theory. This model can be use
predict qualitatively the changes in the dielectric constan
the films as a function of temperature, electric field, a
strain@e5e(T,E,x)#. Film strain has a significant effect o
both microstructure and dielectric properties of the film.
thin amorphous buffer layer was observed to reduce the
strain effectively. A further study on the buffer layer as
function of temperature and thickness is needed to optim
its effect.
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